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Research on the life cycle of human papillomaviruses 
(HPV s) has suffered from the lack of a model system 
that allows the use of molecularly cloned HPV DNA. 
In this study, we analyzed replication of molecularly 
cloned HPV -16 genomes after transfection into cells 
of two human keratinocyte cell lines. Transfected 
cells were grown in cell culture (in vitro) or in tran~­
plantation chamhers on the flanks of nude mice (in 
vivo). When DNA was extracted after different time 
intervals, replication of HPV-16 DNA could not be 
tudies of the pathogenesis of human papillomavirus 
(HPV)-induced benign and malignant lesions have been 
hampered by the lack of suitable in vitro and in vivo 
model systems [1]. Although numerous attempts have 
been made to establish such model systems, only partial 
successes have been reported. These include infection of human 
skin/foreskin chips with HPV-l or HPV-ll and subsequent graft-
ing of these tissue chips beneath the renal capsule of nude mice 
[2,3]. Other systems use cell lines derived from premalignant 
lesions containing episomal HPV DNA, which can reproduce 
HPV-induced lesions in the raft system [4-6] or when transplanted 
onto the flanks of nude mice [7] . The drawback of all these systems 
is that they do not allow the use of molecularly cloned HPV DNA. 
This would be extremely valuable for studies concerning patho-
genesis, the viral life cycle, and the function of HPV genes, as it 
would allow the use of experimentally mutated HPV genomes. 
Most of the current knowledge about papillomavirus replication 
is based on the analysis of bovine papilloma virus type 1. It was 
demonstrated that viral El and E2 proteins are necessary to support 
replication of bovine papillomavirus type 1 DNA. The El protein 
binds to the origin of replication, and E2 is thought to enhance this 
binding [8,9]. More recent studies showed that the genomes of 
HPV 6b, 11, and 18 can replicate transiently when transfected into 
primary keratinocytes or into squamous carcinoma cell lines 
[10,11]. However, HPV-16 replication was seen only when El and 
E2 proteins were provided in trans by expression vectors. In 
analogy, plasmids containing an HPV origin of replication required 
homologous or heterologous E1 and E2 proteins for replication 
[11,12]. From these studies, it was inferred that the stringent species 
and tissue specificities observed for papillomaviruses in vivo are not 
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detected. Even the formation of a stratified epithe-
lium under in vivo conditions failed to support vege-
tative replication. In contrast, transfection of molec-
ularly cloned HPV-11 DNA resulted in replication of 
viral DNA in vitro. It seems likely that besides epithe-
lial cell differentiation, a number 4>f other factors 
influence HPV-16 replication. Key words: transfection 
in situ hybridizationlHaCaT. J Invest Dermatol 104:277-
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entirely due to direct restriction on viral replication but rather are 
a consequence of transcriptional control of viral gene expression. 
In this study, we wanted to analyze whether epithelial differen-
tiation (which is known to playa crucial role in the life cycle of 
HPVs [13]) would overcome the block observed for HPV-16 DNA 
replication in a conventional cell-culture system. H-PV -16 -trans-
fected cells were allowed to undergo terminal differentiation and to 
form an orderly structured epithelium under in vivo conditi~ns. The 
state of viral DNA replication was monitored at different times. 
Moreover, the fate of the transfected cells within the grafts was 
determined by in situ hybridization. The degree of epithelial 
differentiation of transplanted cells was analyzed by immunohisto-
chemistry. 
MATERIALS AND METHODS 
Preparation of Circular HPV GenODles The following plasmids con-
taining full-length HPV genomes were used: pHPV16, p114/K, 
pHPVPS16, pHPVll , and pHPV11-Hershey. The HPV-16 and HPV-ll 
prototypes have been described previously [14,15]. The p114/K plasmid 
contains an HPV -16 isolate from a cervical condyloma acuminatum that 
lacks the E1 frame-shift mutation of the HPV -1 6 prototype (M. Durst, 
unpublished results). pHPVPS16 contains an HPV-16 isolate cloned from a 
cervical carcinoma (kindly provided by Dr. W . Rowekamp) . pHPV11-
Hershey was cloned in our laboratory from a viral suspension (kindly 
provided by Dr. j.W. Kreider) and contains the HPV-ll Hershey isolate 
that has been described [16]. 
HPV genomes were purified from the bacterial vector by digestion of 
plasmids with BamHI and electrophoretic separation in 0.8% agarose gels, 
recovered by electroelution [17], and ligated at a concentration of 1.2 
JLg/ml for 2 d at 14°C in ligation buffer (20 mM Tris-HCI pH 7.6, 5 roM 
MgCI2 , 5 mM dithiothreitol, 1 mM adenosine triphosphate) using 0.4 units 
ofT4 DNA ligase per JLg of DNA. These conditions yielded predominantly 
circular monomers. 
Ligation products were recovered using Qiagen tipl00 columns (Diagen, 
Hilden, Germany) following a method described by the manufacturer (The 
Qiagenologist: Purification of DNA after enzymic modification) . 
Cells and Transfection HaCaT cells are a spontaneously immortalized 
human keratinocyte cell line [18]. HPK IA cells are a human foreskin 
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keratinocyte cell line immortalized by transfection with HPV-16 DNA. 
They contain two to three copies of the HPV -16 genome arranged in a 
head-to-tail fashion, integrated at a single chromosomal site [19]. HaCaT 
cells of passage 25 and HPK IA cells of passage 64 were grown in cell 
culture as described elsewhere [20). 
For transfection, cells were trypsinized from subconfluent culture dishes, 
washed, and resuspended in phosphate-buffered saline (PBS) to a concen-
tration of5-10 X 106 cells/180 /-Ll. In a O.4-cm electroporation cuvette, 180 
/-LI of cell suspension was combined with 7 /-Lg ofHPV DNA in 20 /-LI H 20 
and electroporated using a Biorad Gene Pulser (Biorad, Richmond, CA) at 
270 V (HPK IA) or 290 V (HaCaT) and 500 /-LF. Transfection resulted in the 
death of 50% to 70% of the cells. A transfection efficiency of 5% to 10% was 
determined by transient expression of a reporter plasmid encoding the SV 40 
T antigen and indirect immunofluorescent staining (data not shown). 
Experimental In Vivo Model System Immediately after transfection, 
106 cells were seeded onto a collagen substratum as described in detail 
elsewhere [21]. Medium was drained after 24 h and the tissue culture 
chambers were covered with a silicone cap (Renner, Dannstadt, Germany) . 
The whole unit was then transplanted onto the muscle fascia of nude mice 
as described [21). The transplants were dissected en bloc and frozen in liquid 
nitrogen or fixed in 4% paraformaldehyde. 
Extraction and Analysis of DNA Cells were harvested by trypsiniza-
tion, washed in PBS, and lysed in DNA lysis buffer (50 mM Tris-HCI pH 
7.4, 5 mM ethylenediamine tetraacetic acid [EDTA], 0.5% sodium dode-
cylsulfate) containing 200 /-Lg/ml proteinase K for 1 h at 65°C. Lysates were 
extracted with phenol! chloroform and precipitated with isopropanol. In 
some experiments. we isolated nuclei by lysing cells in RLB buffer (10 mM 
Tris-HCI pH 7.4,1 mM EDTA, 150 mM NaCI, 0.6% Nonidet P-40) on ice 
for 5 min and centrifuging at 3000 rpm. The pelleted nuclei then were lysed 
and extracted as described above. This method removed HPV DNA that 
was not taken up by cells during electroporation. 
Graft biopsy specimens from nude mice were lysed overnight at 37°C in 
DNA lysis buffer containing 400 /-Lg/ml proteinase K. Lysates were ex-
tracted and precipitated as above. 
Southern blot hybridization was performed according to standard proto-
cols using a 32P-Iabeled probe generated with a random-primed labeling kit 
(Boehringer Mannheim, Mannheim, Germany). 
In Situ Hybridization Cryostat sections were mounted on 3-aminopro-
pyltriethoxysilane-coated slides. RNA-DNA and RNA-RNA in situ hybrid-
ization were performed as described elsewhere [20.22] using HPV-16 
riboprobes. 
Detection of Differentiation Markers by Immunofluorescence 
Paraffin-embedded sections were deparaffinized twice in xylene for 10 min 
and hydrated in graded alcohols. Sections were blocked with normal horse 
serum (1 :50 in PBS) and incubated for 2 h with the first antibody (mouse 
anti-keratin 10, 1:50; rabbit anti-involucrin, 1:100; mouse anti-filaggrin, 
1:100). Sections were washed three times in PBS and incubated for 30 min 
with the second antibody (anti-mouse Texas red, 1:200; anti-rabbit tetra-
methylrhodamine isothiocyanate, 1:80). then washed three times in PBS. 
The antiserum against human involucrin was kindly provided by Dr. F.M. 
Watt (ICRF, London, UK). Anti-human cytokeratin 10 and antibodies 
directed against filaggrin were purchased from Renner (Dannstadt, Germa-
ny). All second antibodies were purchased from Dianova (Hamburg, 
Germany). 
RESULTS 
HPV-16 Genomic DNA Does Not Replicate in Keratinocyte 
Cell Lines In Vitro, Whereas HPV-11 Does We wanted to 
introduce the HPV DNA into cells in a form similar to that 
observed during natural infection (i.e., as circular DNA). There-
fore, cloned HPV DNA was liberated from the bacterial vector and 
recircularized under conditions that yield predominantly circular 
monomers. HPV -16 genomes produced by this method from 
p114/K plasmids were electroporated into HaCaT and HPK IA 
cells. Mter transfection, cells were either grafted onto nude mice 
(next section) or grown in cell-culture dishes. After 3, 5, and 8 
days, cells were harvested from culture dishes and total DNA was 
extracted. 
To distinguish between replicated and input DNA, 10 p,g of 
extracted DNA was digested with DpnI or MhoI endonuclease and 
analyzed by Southern blot hybridization. Both enzymes recognize 
the same nucleotide sequence, but DpnI cleaves only if adenosines 
on both strands are methylated, whereas MhoI cleaves only if 
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Figure 1. Replication ofHPV-l1 but not HPV-16 DNA in human 
keratinocytes. All lanes contain 6 /-Lg DNA digested with enzymes as 
indicated or uncleaved (-). Lanes 1,2, and 3 contain 100 pg of input DNA 
mixed with 6 /-Lg of herring sperm DNA. Arrows indicate HPV-ll DNA that 
became sensitive to MboI but resistant to DpnI digestion. Input DNA 
consists of 8-kb linear (L) and relaxed circular (C) DNA molecules . 
Supercoiled HPV-DNA molecules are marked S. BamHI linearizes HPV-ll 
and HPV-16 DNA. 
adenosines are not methylated. Therefore, input DNA (which was 
cloned in dam + bacteria that methylate adenosine residues) is 
sensitive to DpnI but resistant to MhoI. The reverse is true for DNA 
that has replicated in eukaryotic cells (which do not methylate 
adenosines) . 
It turned out that all of the monomeric HPV-16 DNA was 
sensitive to DpnI but not to MhoI digestion. This indicated that the 
input DNA did not replicate. 
To confirm that this finding is not a unique property of the 
pl14/K isolate, we repeated this experiment using a mixture of 
three different HPV-16 isolates (derived from plasmids p114/K, 
pHPV16, and pHPVPS16). We compared this HPV-16 mixture to 
a mixture of two different HPV -11 isolates (derived from pHPVll 
and pHPVll-Hershey) for their ability to replicate after electropo-
ration into epithelial cells. As shown in Fig 1, HPV -11 genomes 
replicated in HaCaT cells. This is indicated by HPV-11 DNA 
molecules that became resistant to DpnI and sensitive to MhoI 
digestion (arrows). Repeated experiments confirmed this finding 
and demonstrated that HPV -11 also replicated at a low level in 
HPK IA cells. In contrast, HPV-16 did not replicate in either cell 
line as displayed in Fig 1. It is interesting that a fast-migrating band 
can be seen at 4.4 kb in the lanes containing uncleaved DNA, 
which probably represents supercoiled HPV genomes. 
HPV -16 Genomic DNA Does Not Replicate in Keratinocyte 
Cell Lines In Vivo, Although Input DNA Can Be Detected in 
Individual Cells by In Situ Hybridization One possible ex-
planation for the inability of HPV-16 DNA to replicate in the 
previous experiment is that specific factors required for HPV -16 
replication were not present in this in vitro system. Because epithe-
lial differentiation is expected to playa crucial role in the viral life 
cycle of HPV, HaCaT and HPK IA cells transfected with HPV-16 
genomic DNA were seeded onto coUagen gels and transplanted 
onto the flanks of nude mice. At 6, 12, and 21 days after 
transplantation, the grafts were removed and divided into two 
pieces. One half was frozen in liquid nitrogen, and the other half 
was fixed in paraformaldehyde for histology. Frozen sections were 
obtained from each sample, and the remainder was used for total 
DNA extraction. Extracted DNA was digested with DpnI or MhoI 
and subjected to Southern blot hybridization. Again, HPV-16 DNA 
did not replicate, as demonstrated by the finding that all of the 
HPV-16 genomes were digested by DpnI but not by MhoI (Fig 2). 
Note that HPK IA cells contain an integrated HPV -16 conca tamer , 
which is replicated as part of the chromosomal DNA. 
We next examined the distribution of HPV genomes in the 
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Figure 2. Epithelial differentiation in vivo does not induce HPV-16 
DNA replication. Total DNA extracts were obtained from HPV-16-
transfected HaCaT and HPK IA cells 6, 12, and 21 d after transplantation. 
Six micrograms of DNA was digested with HindIII, which does not cleave 
within the HPV-16 genome (lanes 1, 4, 7), with DpnI and HindIII (lanes 2, 
5, 8), or with MboI (lanes 3, 6, 9). Eight-kilobase linear and circular HPV-16 
genomes are marked L and C, respectively. HPK IA cells contain an 
integrated HPV-16 concatamer (I), which is also seen in nontransfected 
controls. 
transplantation graft. Frozen sections were subjected to RNA-
DNA in situ hybridization using a 32P-Iabeled HPV-16 LCR-E6-E7 
riboprobe of sense orientation. We were able to detect individual 
cells containing large amounts of HPV-16 DNA in all sections 
(Figs 3, 4), but not in nontransfected controls. (Endogenous 
HPV-16 DNA cannot be detected within HPK IA cells by in situ 
hybridization, as these cells contain only two to three copies per 
cell.) Because viral DNA replication could not be demonstrated 
(Fig 2), it seems likely that the strong hybridization signals reflect 
a high number of input-DNA molecules rather than vegetative 
replication of HPV-16 genomes. Cells containing high numbers of 
HPV -16 genomes did not stay in the basal layer and positive cells 
did not appear to be clustered, indicating that episomes were not 
distributed among progenitor cells upon cell division. 
Moreover, viral transcripts could not be detected by RNA-RNA 
in situ hybridization using E1-E2 and L1 riboprobes (data not 
shown). This suggests either that viral transcription in the trans-
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Figure 3. Detection ofHPV-16 DNA in transfected HaCaT cells by 
RNA-DNA in situ hybridization. Transfected cells were seeded onto a 
collagen substratum and transplanted onto the flanks of nude mice, where 
they formed a stratified epithelium. The photomicrographs show light-field 
and dark-field views of hematoxylin and eosin-stained sections of grafts 
after hybridization with an HPV-16 LCR-E6-E7 riboprobe of sense orien-
tation. Grafts were removed 6 d (a,b), 12 d (c,d), and 21 d (eJ) after 
transplantation. Bar, 50 f..Lm. 
.. .. 
c 
.. 
Figure 4. Detection ofHPV-16 DNA in transfected HPK IA cells by 
RNA-DNA in situ hybridization. As in Fig 3, grafts were removed 6 (a,b), 
12 (c,d), and 21 d (eJ) after transplantation. Bar, 50 f..Lm (a-d); 100 f..Lm (eJ). 
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a 
Figure 5. HaCaT cells form a stratified epithelium. Photomicrographs of HaC aT cells 12 d after transplantation onto the flanks of nude mice. Sections 
were stained with hematoxylin and eosin (a) or by indirect immunofluorescence with antibodies against cytokeratin 10 (b, arrows), involucrin (c), and filaggrin 
(d). Bar, 50 /Lm . 
fected keratinocytes is low or that the viral genomes are transcrip-
tionally silent. 
Differentiation of Keratinocyte Grafts in the Nude Mouse 
System We next analyzed the ability of transfected HaCaT and 
HPK IA cells to differentiate and to reproduce a stratified epithe-
lium in the nude mouse transplantation chamber system. Sections of 
formalin-fixed and paraffin-embedded samples were stained with 
hematoxylin and eosin and were examined by indirect immunoflu-
orescence using antibodies to keratin 10, involucrin, and ftlaggrin. 
After 12 d, HaCaT cells had formed a cornified squamous epithe-
lium displaying basal, spinous, granular, and cornified layers upon 
hematoxylin and eosin staining. The suprabasal layers stained 
positive for keratin 10 (Fig Sb) and involucrin (Fig Sc) . Moreover, 
these markers were expressed in an ordered fashion [23]. Filaggrin 
was found in keratohyalin granules of the stratum granulosum, 
although not consistently (Fig Sd). These results demonstrate that 
HaCaT cells retained their differentiation potential even after 
transfection and could generate a stratified epithelium. 
In contrast, HPK IA cells did not differentiate well in this system. 
The cells formed a poorly differentiated epithelium with partly 
aberrant expression of differentiation markers (data not shown). 
DISCUSSION 
We could not elucidate the reason for the inability of HPV -16 
DNA to replicate even under in, vivo conditions. However, several 
possible explanations were excluded. 
One of the HPV-16 isolates (P114/K) used in our experiments 
was cloned from a virus-productive lesion (condyloma accumina-
tum) and should therefore be ideal for use in replication studies. 
Sequence analysis of the viral transcriptional enhancer region 
(7478-7841) of this isolate revealed, in comparison to the proto-
type sequence [24], only one G~ A transition at nucleotide position 
751 9 [25] (isolate Gb-14). This transition was found in 91 of 118 
isolates and is considered to be a strain variation [25]. Similarly, the 
DNA sequence of the origin of replication, as defined by Chiang et 
al [12], and the E2-binding sites, as well as the E1 and E2 open 
reading frames, do not differ from the corrected HPV -16 prototype 
sequence [26] (preliminary results). In addition, the E1 frame-shift 
mutation, which is the hallmark of the HPV -16 prototype [24,27], 
is not present. The pl14/K isolate also has proven to be superior to 
the HPV-16 prototype for the production ofL1 virus capsid protein 
in the recombinant baculovirus system [28]. Thus, we assume that 
our pl14/K isolate is replication-competent even though this was 
not specifically tested, e.g., by providing E1 and E2 proteins in 
trans, as done by others [11,12]. Furthermore, the two cell lines 
used in our experiments (HaCaT and HPK IA) can support 
replication ofHPV DNA. We demonstrated transient replication of 
HPV -11 genomes in cells of these lines, which is in accordance with 
findings of others who have seen replication of circular HPV -11 
DNA in primary keratinocytes [10] and replication ofHPV-6b, -11, 
and -18 (but not HPV -16) genomes in squamous carcinoma cell 
lines [11]. 
The HPK IA cell line was established by immortalization of 
primary foreskin keratinocytes with HPV -16 DNA [19]. These cells 
contain integrated HPV-16 genomes and express low levels of 
unspliced E1 transcripts, as well as an mRNA species with coding 
potential for a full-length E2 protein ([29], V. Vormwald-Dogan, 
personal communication). However, this did not lead to an observ-
able helper effect for either HPV -16 or HPV -11 replication. This 
may reflect the fact that this cell line was immortalized with the 
HPV-16 prototype, which contains the E1 frame-shift mutation and 
therefore produces an aberrant E1 protein. 
We expected that the block in HPV-16 DNA replication could 
be overcome if transfected cells were allowed to undergo terminal 
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differentiation. It is known that vegetative replication concomitant 
with strong transcription takes place almost exclusively in the cells 
of the stratum granulosum. This is observed in native tissues [22] as 
well as in reconstructed epithelia formed by naturally infected cells 
that have retained episomal HPV copies upon cultivation in vitro 
[5,7]. In this report, we demonstrated that at least one of two cell 
lines used in this assay (HaCaT) can give rise to an orderly, 
structured epithelium in the nude mouse transplantation chamber 
system. The typical strata (basale, spino sum, granulosum, and 
corneum) were present, and keratin 10 and involucrin were 
expressed in an ordered fashion. Because filaggrin expression was 
lower than expected and nuclei occasionally were found in the 
stratum corneum (Fig 5), this epithelial cell differentiation is very 
close, but not completely analogous, to that in native epithelia. 
Even though differentiation did occur in these cells, neither signif-
icant viral transcription nor vegetative replication of cloned 
HPV-16 DNA could be demonstrated. This suggests that the 
individual HPV-16-positive cells, as shown by in situ hybridization, 
that were retained in the reconstructed epithelium even after 21 d 
must have been due to unreplicated input DNA. It seems likely that 
transfected cells ultimately would be lost by sloughing. 
The reasons for the lack ofHPV-16 DNA replication are unclear. 
It is possible that the conditions in our in vivo system are still not 
close enough to mimic all processes that are ongoing in naturally 
infected epithelium. Alternatively, it may well be that in addition to 
epithelial differentiation, cellular factors specific for primary epithe-
lial cells (or even only a subset of these cells) are involved in 
HPV-16 DNA replication. These factors could enhance the expres-
sion or the activity of the viral El and E2 proteins. Alternatively, 
the differentiation process in the appropriate target cells might 
reduce factors that interfere with viral DNA replication. 
Further experiments will determine whether the epithelial dif-
ferentiation achieved in this system could provide a better environ-
ment for HPV -11 replication or even allow completion of the viral 
life cycle. 
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